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In this talk I wiU firstly review on the current constraints on the equation of state of the dark 
energy from observational data, then present a new scenario of dark energy dubbed Quintom. The 
recent fits to the type la supernova data and the cosmic microwave background and so on in the 
literature find that the behavior of dark energy is to great extent in consistency with a cosmological 
constant, however the dynamical dark energy scenarios are generally not ruled out, and one class of 
models with an equation of state transiting from below —1 to above —1 as the redshift increases is 
mildly favored. The second part of the talk is on interacting dark energy. I will review briefly on 
the models of neutrino dark energy. 



I. INTRODUCTION 

The recent observational data from type la super- 
nova (SNIa), cosmic microvirave background (CMB) ra- 
diation and large scale structure (LSS) have provided 
strong evidences for a spatially flat and accelerated ex- 
panding universe at the present time. In the context 
of Friedmann- Robertson- Walker cosmology, this acceler- 
ation is attributed to the domination of a component, 
dubbed dark energy. The simplest candidate for dark en- 
ergy seems to be a remnant small cosmological constant. 
Hovifcver, many physicists are attracted by the idea that 
dark energy is due to a dynamical component, such as a 
canonical scalar field QQ, named Quintessence. In this 
paper I will show firstly that the recent flts to the SNIa, 
CMB data and so on in the literature find that the behav- 
ior of dark energy is to great extent in consistency with 
a cosmological constant, however the dynamical dark en- 
ergy scenarios are generally not ruled out and in fact one 
class of models with an equation of state (EOS) transiting 
from below —1 to above — iQ as the redshift increases, 
Quintom is mildly favored[3,M 0- 

The second part of this talk is on interacting dark en- 
ergy. Being a dynamical component, the scalar field of 
dark energy is expected to interact with the ordinary 
matters. There are many discussions on the explicit cou- 
plings of Quintessence to baryons, dark matter and pho- 
tons, however for most of the cases the couplings are 
strongly constrained. But still there are exceptions. In 
this paper I will review about the recent studies on the 
models of neutrino dark energy. The paper is organized 
as follows: in section II I will review briefly about the 
current constraints on the dark energy from observational 
data; in section III I will review on the Quintom scenario 
of dark energy and in section IV I will study the neutrino 
dark energy models. The section V is the discussion and 
the summary of this talk. 



II. CURRENT CONSTRAINTS ON THE 
EQUATION OF STATE OF THE DARK ENERGY 

The quantity which characterizes the properties of the 
dark energy models is the equation of state defined as 



the ratio of the pressure to the energy density: w = P/p. 
For instances in models of dark energy provided by the 
(true or false) vacuum energy the equation of state w is 
a constant and equals to —1; in theories of Quintessence 
w varies as a function of redshift, however no matter how 
it evolves w is restricted to be larger than —1; in theories 
of PhantomQ where the kinetic term has a negative sign 
w is smaller than — 1 and no matter how it evolves it will 
never cross over the cosmological constant boundary into 
the regime of Quintessence. 

In a model independent way to constrain the dark en- 
ergy, one usually considers some kind of parameteriza- 
tions of the equation of state. For instance, one possi- 
bility is expanding the equation of state in the powers of 
the redshift. For small redshift one has 

w{z) = Wo + Wiz. (1) 

Another type of parametrization was proposed by Ref. 
ill]: 

wiz) ^Wi+ Waz/il + z) . (2) 

Using the "gold" set of 157 SNIa published by Riess 
et al. in many papers in the literature have presented 
the analysis on the constraints on the equation of state 
of the dark energy. The results in general show that 
the best fitting model of dark energy is the one with an 
equation of state transiting from below —1 to above — 1 
as the redshift increases, however at 2a the cosmological 
constant fits well to the data^ ^] . 

Both parameterizations above make good approxima- 
tions to probe the behavior of dark energy around the 
present epoch, while the former model leads to poor pa- 
rameterization at very large redshift. As one example, in 
Ref. (9| we have considered one type of parametrization, 
the oscillating Quintom 

w{z) = Wo + Wisinz. (3) 

The oscillating Quintom in (3) differs from the model 
with a linearly parametrized equation of state in (1) at 
high redshift, however at low redshift coincides with it. 
Fig.l shows the constraints on the parameters of oscil- 
lating Quintom from SNIa and CMB. For comparison 
in Fig. 2 we show the corresponding constraints on the 
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FIG. 1: SNIa and CMB constraints on the oscillating dark 
energy model|^. The best fit values are shown in the centers 
of each panel. The grey and light grey areas show the la and 
2a confidence regions respectively. 
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FIG. 2: SNIa and CMB constraints on the linear parametrized 
dark energy model0. Left : SNIa only; Right: SNIa + CMB 
constraints. 



parameters (Wq, Wi) given in (1). One can see the 
similarity when considering only the SNIa data and the 
significant difference when including the CMB data. This 
exercise indicates the dependence of the "global fitting" 
results on the ways of parameterizing the equation of 
state of dark energy. 

Another comment on the " global fitting" results is that 
the previous fittings in the literature have simply fully or 



partially neglected the perturbation of dark energy with 
an equation of state acrossing —1. Recently with my col- 
leagues I have developed a consistent way to include the 
perturbation of dark energy with equation of state cross- 
ing — 1 and we have shown that in general the parameter 
space will get enlarged when including the perturbation 
than switching the dark energy perturbation off|lfl||. In 
Fig. 3 we show the constraints on the parameters in Eq. 
(2) from SNIa, WMAP and SDSS and for comparison we 
plot in Fig. 4 the corresponding constraints without the 
perturbation^ . 




FIG. 3: Constraints on parameters of model (2) from SNIa -|- 
WMAP + SDSS with dark energy perturbation |Tl|. 
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FIG. 4: Constraints on parameters of model (2) from SNIa + 
WMAP -I- SDSS without dark energy perturbationJTj . 
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III. A NEW SCENARIO OF DARK ENERGY: 
THE QUINTOM 

Currently the cosmological constant fits well to the 
data, however observational data do not exclude the 
possibility of dynamical dark energy. Actually a class 
of models where the equation of state or an effective 
EOS evolves and crosses over the cosmological constant 
boundary is mildly favored. If such a result holds on 
with the accumulation of observational data, this would 
be a great challenge to current cosmology. Firstly, the 
cosmological constant as a candidate for dark energy will 
be excluded and dark energy must be dynamical. Sec- 
ondly, the simple dynamical dark energy models consid- 
ered vastly in the literature like the Quintessence, the 
Phantom or the K-essence[T^ can not be satisfied either. 

A simple Quintom model consists of two scalar fields, 
one being the Quintessence with the other being the 
Phantom field^]. This type of Quintom model will pro- 
vide a scenario where at early time the Quintessence 
dominates with u; > — 1 and lately the Phantom dom- 
inates with w less than —1, satisfying current observa- 
tions. A detailed study on the cosmological evolution 
of this class of Quintom model is performed in Ref.j^. 
The Quintom models are different from the Quintessence 
or Phantom in the determination of the evolution and 
fate of the universe. Generically speaking, the Phantom 
model has to be more fine tuned in the early epochs to 
serve as dark energy today, since its energy density in- 
creases with expansion of the universe. Meanwhile the 
Quintom model can also preserve the tracking behavior 
of Quintessence, where less fine tuning is needed. 

In addition to the Quintom model mentioned above 
there are at least two more possibilities in the Quintom 
model buildings. One will be the scalar field models with 
non-minimal coupling to the gravity where the effective 
equation of the state can be arranged to change from 
above — 1 to below — 1 and vice versa. For a single scalar 
field coupled with gravity minimally, one may consider a 
model with a non-canonical kinetic term with the follow- 
ing effective Lagrangianj^: 



^ - Ifmd^Qd'Q - V{Q) , 



(4) 



where /(T) in the front of the kinetic term is a dimen- 
sionless function of the temperature or scalar fields. Dur- 
ing the evolution of the universe when /(T) changes sign 
from positive to negative it gives rise to an realization 
of the interchanges between the Quintessence and the 
Phantom scenarios. 

Since last year there have been a lot of studies in the 
literature on the Quintom- like model building^. In gen- 
eral as argued in Ref . ^IQj in the conventional case with an 



single perfect fluid or a single scalar field one will not be 
able to realize a viable Quintom model, so to have the w 
crossing — 1 one needs to introduce extra degree of free- 
dom. One possibility is to include multi fluids or multi 
scalar fields as shown above. Another possibility is to in- 
troduce the higher derivative operators to the lagrangian. 
This is the model proposed in Ref. jl4j by introducing 
higher derivative operators to the Lagrangian. Specifi- 
cally in p3j we considered a model with the Lagrangian 



+ ^0<l>0^-V{^) , (5) 



where □ = V^V^ is the d'Alembertian operator. The 
term related to the d'Alembertian operator is absent 
in the Quintessence, Phantom and the k-essence model, 
which is the key to make the model possible for w to 
cross over —1. We have proven in '14^ this Lagrangian is 
equivalent to an effective two-field model 

1 1 A-'P 

C = -2V^^V^V^ + -V^xV^x~n^-x)-^x' , (6) 



with the following definition 



X 



Af2 

V' = (f> + X 



(7) 
(8) 



^ I apologize for not refereing to the papers relevant to this talk 
due to the limitation on the length of the paper. 



Note that the redefined fields -0 and x have opposite 
signs in their kinetic terms. One might be able to derive 
the higher derivative term in the effective Lagrangian (5) 
from fundamental theories. In fact it has been shown in 
the literature that this type of operator does appear as 
some quantum corrections or due to the non-local physics 
in the string theory. It is interesting and worthwhile 
to study further the implications of models with higher 
derivatives in cosmology (for a recent study see e.g. 15]). 

In the following I summarize some of the interesting 
aspects associated with the Quintom scenario of dark en- 
ergy: 

1) Quintom dark energy gives rise to a new scenario 
of the evolution and the fate of the Universe. For exam- 
ple, in Ref. 13] we have studied a class of Quintom models 
with an oscillating equation of state and found that oscil- 
lating Quintom can unify the early inflation and current 
acceleration of the universe, leading to oscillations of the 
Hubble constant and a recurring universe. Our oscil- 
lating Quintom would not lead to a big crunch nor big 
rip. The scale factor keeps increasing from one period 
to another and leads naturally to a highly flat universe. 
The universe in this model recurs itself and we are only 
staying among one of the epochs, in which sense the co- 
incidence problem is reconciled. 

2) The study on the Quintom models provide us a 
way to include the perturbation of the dark energy 
consistently 10j|, which is important when performing the 
global fittings of the parametrized equation of state to the 
observational data including CMB, LSS and so on. As I 
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pointed out in section II, neglecting the perturbation in 
general will lead to some bias in the fitting results. 

3) The Quintom model might provide a way to solving 
the problem of the quantum instability inherited in the 
model of Phantom 16J. For Phantom theory, the equa- 
tion of state is always less than —1, however in the sce- 
nario of Quintom, w < —1 happens just for a short period 
of time very much like the " tachyon" existing only dur- 
ing the phase transition. It might be possible that the 
quantum instability problem be solved in the context of 
the higher derivative theory of Quintom model shown in 
(5). As pointed out in Ref.0|, the problem arises be- 
cause X ip in Eq.(6) are quantized in canonical way 
independently. In fact, both of them are determined by 
(j). A more appropriate quantization method seems to be 
possible to avoid the instability. 



IV. NEUTRINO DARK ENERGY 

Recently there have been a lot of interests in the 
literature[18-35] in studying the possible connections be- 
tween the neutrinos and the dark energy. There are at 
least two observations which motivate these studies: 1) 
the dark energy scale ~ 10"'^ eV is smaller than the en- 
ergy scales in particle physics, but interestingly is com- 
parable to the neutrino masses; 2) in Quintessence-like 
models of dark energy uiq ~ 10"'^^ eV, which surpris- 
ingly is also connected to the neutrino masses via a see- 
saw formula mg m^/Mpi with Mpi the planck mass. 

Are there really any connections between the neutrinos 
and dark energy? Given the arguments above it is quite 
interesting to make such a speculation on this connection. 
If yes, however in terms of the language of the particle 
physics it requires the existence of new dynamics and new 
interactions between the neutrinos and the dark energy 
sector. 

Qualitatively these models have made at least two in- 
teresting predictions: 1) neutrino masses are not con- 
stant, but vary during the evolution of the universe; 2) 
CPT is violated in the neutrino sector due to the CPT 
violating Ether during the evolution of the Quintessence 
scalar field l20l|. Quantitatively these predictions will 
depend on the dynamics governing the coupled system 
of neutrino and dark energy. Here I focus on the models 
with mass varying neutrinos. 

In general for the models of neutrino dark energy or 
interacting dark energy, the lagrangian can be written as 

C = Ct^' + Cq + C^nU (9) 

where £f *^ is the lagrangian of the standard model (SM) 
describing the physics of the left-handed neutrinos, Cq 
is for the dynamical scalar such as Quintessence. Cint hi 
(9) is the sector which mediates the interaction between 
the dark energy scalar and the neutrinos. 

At energy much below the electroweak scale, the rele- 
vant lagrangian for the neutrino dark energy is given by 



C = C^+Cq + M[Q)Du , (10) 

where C^, is the kinetic term of the neutrinos. The last 
term of Eq.(lO) is the scalar field dependent mass of the 
neutrinos which characterizes the interaction between the 
neutrinos and the dark energy scalar. In the standard 
model of particle physics, the neutrino masses can be 
described by a dimension-5 operator 

Lp = jlLlLHH + h.c, (11) 

where / is a scale of new physics beyond the Standard 
Model which generates the B ~ L violations, IltH are 
the left-handed lepton and Higgs doublets respectively. 
When the Higgs field gets a vacuum expectation value 
< H >^ V, the left-handed neutrino receives a majorana 
mass ~ In Ref.|2ll| we considered an interaction 
between the neutrinos and the Quintessence Q 

P^jlLhHH + h.c, (12) 

where (3 is the coefficient which characterizes the strength 
of the Quintessence interacting with the neutrinos. In 
this scenario the neutrino masses vary during the evolu- 
tion of the universe and we have shown that the neutrino 
mass limits imposed by the baryogenesis are modified. 

The dim-5 operator above is not renormalizable, which 
in principle can be generated by integrating out the heavy 
particles. For example, in the model of the minimal see- 
saw mechanism for the neutrino masses, 

L = h,,lL,NRjH + iM„iV^,iVfl,, + h.c. (13) 

where Mij is the mass matrix of the right-handed neutri- 
nos and the Dirac masses of the neutrinos are given by 
mo = hij < H >. Integrating out the heavy right- 
handed neutrinos one will generate a dim-5 operator, 
however as pointed out in Ref.'2l'| to have the light neu- 
trino masses varied there are various possibilities, such 
as by coupling the Quintessence field to either the Dirac 
masses or the majorana masses of the right-handed neu- 
trinos or both. 

In Ref.|2^ we have specifically proposed a model of 
mass varying right-handed neutrinos. In this model the 
right-handed neutrino masses Mi are assumed to be a 

a Q 

function of the Quintessence scalar Mi(Q) — MiC "pi . 
Integrating out the right-handed neutrino will generate a 
dimension-5 operator, but for this case the light neutrino 
masses will vary in the following way 

Q 2 

c'^t^jIlIlHH + h.c. (14) 

Some interesting features of the neutrino dark energy 
models can be summarized as follows: 
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1) With mass varying the neutrinos become a part of 
the dark energy and play an different role in the deter- 
mination of the evolution of the Universe than the tra- 
ditional non-relativistic matter. In Ref. we have 
studied in detail the cosmological evolution of the Uni- 
verse in the scenario of mass varying neutrinos. We found 
that the neutrino density will not decrease and interest- 
ingly become the dominant one for a suitable choice of 
the model parameters. Mass varyin g ne utrinos have in- 
teresting implications in leptoeenesis pll l23 | . 

2) The predictions on the variation of the neutrino 
masses can be tested with Short Gamma Ray Burst [s^, 
CMB and LSS^^ ^^'^ much more interestingly and im- 
portantly in the experiments of neutrino oscillation[3 

3) Neutrinos coupled to dark energy scalarj^^ can pro- 
vide a scenario of dark energy with the equation of state 
crossing the cosmological constant boundary of —1. In a 
recent paper we used the recently released SNIa data 
to constrain the couplings between the neutrinos and the 
dark energy scalar. We found the current data mildly 
favor the model where the Phantom-like scalar couples 
to the neutrinos. 



V. DISCUSSIONS AND CONCLUSION 

In this talk I have firstly given a brief review on the 
constraints on dark energy from observational data and 
presented a review on the Quintom model of dark energy. 
Secondly I have discussed the interacting dark energy and 
focused on the possible interactions between the dark 
energy and the neutrinos. If these interactions indeed 
exist, they will open up some possibilities of detecting 
the dark energy non-gravitationally. Before concluding 
I wish to add a new possibility to the list of interacting 
dark energy models |3g| where the dark energy sector is 
closely connected to the Higgs and the Top quark in the 
standard model of elementary particle physics(SM). The 
motivation for this study is the following: the dark en- 
ergy scale AjjE ~ 10~^ eV is numerically comparable to 



^DE ~ jf-^ where Ap is the Fermi scale, Mpi the Planck 
mass. In t£e particle physics the sector of the electroweak 
symmetry breaking includes the Higgs boson. The top 
quark since its mass is heavier than all of the particles 
observed so far is believed to strongly couple to and play 
an essential role in understanding the physics associated 
to the Fermi scale. For example, in the models of top 
quark condensation, the Higgs is composite of the top 
pairs. Motivated by the observations above and numeri- 
cally the masses of the top quark and the Higgs boson are 
order of the Fermi scale, the Quintessence scalar might 
preferably couple to the top quark and the Higgs than to 
other light particles. In this model the Higgs mass and 
the CP violating phase associated with the top Yukawa 
coupling vary during the evolution of the Quintessence. 
I will show that in this model the first order phase tran- 
sition will be strong enough for electroweak baryogenesis 



without conflicting the current experimental limit on the 
Higgs mass. 

In the SM, the Higgs potential at the tree level is given 
by 



V{H) = X[H+H 



(15) 



where the A is the self coupling constant of the Higgs 
field. When the SU{2) doublet Higgs fields H gets a 
vacuum expectation value v, the physical Higgs boson h 
receives a mass m/i = 2Xv^. Now we assume the inter- 
action between the Higgs field H and the Quintessence 
scalar Q explicitly to be 



/3A 



(Q 



Mpi ^ 2 J ' 



(16) 



where Qo is the value of the Quintessence field at present 
time and the parameter (3 characterizes the strength of 
this type of interaction. Combining (15) and (16) we 
obtain an effective self coupling of the Higgs field 



X'f^ = A[l + /3 



(Q-Qo) . 
Mpi ^ 



(17) 



From (17) one can see the Higgs mass m\ 
is now a function of the Quintessence field. At present 
time m\ — 2Xv^ which recovers the results in the lit- 
erature. At early time of the Universe, however Q dif- 
fers from Qq, consequently the Higgs mass will also dif- 
fer from its present value. This opens a possibility of 
having a light Higgs during the electroweak phase transi- 
tion without conflicting the experimental limit at present 
time^. Quantitatively the amount of the changes in the 
Higgs mass depends on the evolution of the Quintessence 
field. For a specific discussion we consider a model of 
Quintessence with a inverse power-law potential V{Q) = 
VoQ-"^. In Fig. 5 we plot the evolution of the 
Quintessence scalar as a function of In a. One can see 
that in the early time during the period of the radia- 
tion dominate or matter dominate the scalar field was 
almost frozen and the value of Q is nearly a constant, 
then change to the present value very recently. In Fig. 
6 we plot the Higgs mass as a function of the In a from 
which one can see that with a Higgs mass well above the 
current experimental limit rrih > 115 GeV, at tempera- 
ture around 100 GeV it could be as light as 35 GeV with 
/3 - 5. 

Introducing the coupling between the Quintessence 
scalar and the top quark will cause the top Yukawa cou- 
pling running. In the SM the top quark Yukawa coupling 
is 



yt-fpHtp, 



(18) 



^ this possibility has been mentioned in Ref l2ll . 
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FIG. 5: Plot of the evolution of the scalar field of Quintessence 
with the inverse power-low potential V{Q) — VoQ~" where 
a = 0.5. 




the third generation. We introduce a coupling of the 
Quintessence to the term in (18) 



— — ^lHIb-, 



M 



PI 



(19) 



where (5 is a parameter which characterizes this effective 
interaction. In general the Yukawa coupling in (18) and 
the coupling 5 in (19) are complex with different phases. 
By the redefinition of the quark field and the convenience 
of the discussion we assume yt is real and 5 has a phase. 



Introducing explicitly a phase ^ and defining 5 = CtUte- 



we have an effective Yukawa coupling of the Top quark 
by combining (18) and (19) 



Vt 



eff 



yt[l + cte 



(Q-Qo)i 



PI 



(20) 



One can see from the equation above that at present 
time the top quark mass nit — ytv/^/2 is real, however 
at early time of the Universe it includes a complex CP 
violating phase. Unfortunately since the Quintessence 
field is almost a constant during the electroweak phase 
transition, the CP violation in the effective top Yukawa 
coupling will not help for the generation of the baryon 
number asymmetry'^. 
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